We present a new technique based on two-pathway optical coherent control for the sensitive detection and precise measurement of highly-forbidden transitions in atomic systems. Specifically, we show that (ω, 2ω) coherent control can be applied to the measurement of the magnetic dipole and electroweak parity nonconserving amplitudes in atomic cesium, with the principal advantage of reduced systematic errors related to field reversals often encountered in previous measurements of these effects. We present a complete analysis in one specific geometry, and discuss prospects for improved laboratory determinations of these weak transition amplitudes.
I. INTRODUCTION
Highly-forbidden optical transitions have been measured with great precision using the interference between the forbidden transition and a much stronger transition between the same two states. Key examples of these techniques are found in measurements of magnetic dipole transitions [1] [2] [3] [4] [5] [6] [7] [8] , electric quadrupole transitions [9, 10] , and parity nonconserving (PNC) electroweak interactions [11] [12] [13] [14] [15] [16] [17] [18] [19] . Still, pushing the precision of these measurements to greater limits, as well as extending them to a variety of other atomic systems, is an active pursuit, in that it will allow further tests of the Standard model and of nucleon-nucleon interactions within the nucleus [20, 21] . Currently a number of measurements of PNC interactions in various systems are underway, employing a variety of different techniques, but each based on an interference between interactions driven by a single laser frequency component [22] [23] [24] . Systematic effects associated with imperfect reversal of the various dc electric fields, magnetic fields, and optical polarization are often the limiting factor of these measurements. In this letter, we report a new technique based upon coherent control concepts for measuring these extremely weak interactions, and show that it eliminates the requirement for field reversals as the primary means of shifting the phase between terms, thereby reducing these associated errors.
For concreteness, we consider measurement of the PNC-induced electric dipole moment using the 6s 2 S 1/2 → n ′ s 2 S 1/2 transition in atomic atomic cesium, but we expect the principles we discuss to be generally applicable to other cases as well. For n ′ = 7, this transition was used extensively by Wieman et al. [18] and Bouchiat et al. [19] for the most precise measurements of PNC amplitudes (E P N C ) to date. As an L = 0 → L = 0 transition, it is electric dipole and electric quadrupole forbidden. Stark-induced electric dipole (St), magnetic dipole (M1), and PNC-induced electric dipole interactions are each linear in the applied optical field ε ω1 , where the frequency ω 1 is resonant with one of the hyperfine components the 6s → n ′ s transition. The Stark-induced amplitude for transitions from state |6s 2 S 1/2 , F, m to the state |n ′ s 2 S 1/2 , F ′ , m ′ , where F and m (F ′ and m ′ ) represent the total angular momentum and its projection in theẑ-direction of the |6s (|n ′ s ) state, is, in the notation of Gilbert and Wieman [16] , of the form
where α and β are the scalar and vector polarizabilities, ε ω1 and φ ω1 are the electric field amplitude and phase of the optical field, and the C
are constants derived from the Clebsch-Gordon coefficients [16] . The polarizabilities are given in Ref. [25] . The phase term in Eq. (1), e iφ ω 1 , which can be omitted for single-beam excitation, must be retained in our analysis.
To first order, the 6s 2 S 1/2 → n ′ s 2 S 1/2 transition is magnetic dipole forbidden, but spin-orbit interactions and relativistic effects relax this somewhat, and magnetic dipole moments M = n ′ S| µ z /c |6S , where µ z is the zcomponent of the magnetic dipole operator, have been determined for n ′ = 7 [5, 6] and n ′ = 8 [7] . The amplitude of the magnetic dipole transition is given by
wherek = k ω1 /|k ω1 |, and k ω1 is the propagation vector of the ω 1 beam. Additionally, the electroweak interaction between the nucleus and the electrons, as well as higher order PNC effects, lead to a very slight mixing between even-and odd-parity eigenstates of the atom, making an electric dipole transition slightly allowed as well. The transition amplitude for this interaction is of the form
where E P N C is the matrix element for electric dipole transitions due to the state mixing by the PNC interactions. To measure A M1 or A P N C directly is problematic in that their magnitudes are typically well below the level of measurement noise. Techniques using an interference between the weak transition and a stronger transition (the Stark-induced transition, for example) have therefore been developed to effectively amplify the signal to a detectable level. For example, under conditions that allow a strong Stark-induced amplitude and a weak PNC amplitude on the same transition that add constructively, the net rate scales as
The interference between these various amplitudes can be reversed by reversing one or more of the fields that influences the sign of the amplitudes, resulting in a rate
A precise measurement of the small difference between W + and W − can then be used to determine |A P N C |.
In each of the previous measurements, a single laser field has been employed, and both interactions (strong and weak) are linear in the amplitude of this field. We now consider this system under the influence of a second optical field composed of components at frequencies ω 2 and ω 3 , where ω 2 + ω 3 = ω 1 , which is capable of driving the 6s → n ′ s transition via a two-photon interaction. In order for these amplitudes to interfere, the ω 1 field component must be phase coherent with ω 2 and ω 3 components, as it will be when the former is generated from the latter using a nonlinear optical crystal for sum frequency generation. We have previously demonstrated this interference between two-photon absorption and Stark-induced linear absorption on the cesium 6s → 8s transition [26] . We write the transition amplitude for this interaction in a form similar to that of the Stark-induced transition given by Eq. (1),
where ε ω2 and ε ω3 are the amplitudes, and phases φ ω2 and φ ω3 , the phases, of the optical waves at frequencies ω 2 and ω 3 , respectively, and the coefficients of the twophoton moments,α andβ, are defined in a form similar to the Stark polarizabilities. Bouchiat and Bouchiat [25] noted the relationship between Stark-induced transitions and two-photon absorption. The interference between the two-photon amplitude and the amplitudes that are linear in ε ω1 can be observed on ∆F = 0 as well as ∆F = ±1 transitions. The ∆F = 0 transitions, however, present the following two advantages over ∆F = ±1 transitions: (1) Systematic errors due to magnetic dipole contributions to E P N C are smaller, and (2) the two frequencies ω 3 and ω 2 can be equal, so this measurement requires only a single laser source and the ω 1 beam can be generated by frequency doubling the ω 2 laser output in a nonlinear crystal. We will consider only ∆F = 0, ∆m = 0 transitions in the following, and write the two-photon transition amplitude of Eq. (4) 
The effect of thex-andŷ-components for B, which can be present in an experiment due to imperfect alignment, is to mix the magnetic sublevels
We include in this expression mixing among magnetic components of the same F, but omit mixing with other F states, an approximation that will be valid for the modest magnetic field strengths characteristic of these measurements. We sum the four transition amplitudes,
where all terms except ε ω1 x are real, and ∆C and modest focussing. By carefully selecting beam polarizations and controlling static electric and magnetic fields, one can select a very limited number of contributions to the interaction. For example, to determine the ratio Im(E P N C )/α, one can align the polarization of the harmonic beam (ω 1 ) to theẑ direction, apply a lowmagnitude dc field in theẑ direction, and zero the field components B x , B y , E x , E y , and ε x . In this geometry, the surviving transition moments sum to
The transition rate scales as W = | A| 2 , yielding a transition rate of the form
where we have omitted the terms that are second-order in ε ω1
x , and define ∆φ = 2φ ω2 − φ ω1 , the controllable phase difference between the optical fields. The total transition rate of Eq. (8) has a large dc component that represents the two-photon absorption rate alone, and a weak sinusoidal modulation of amplitude
(9) This modulation is a result of the interference between the two-photon absorption from the ω 2 beam and the sum of the various weak amplitudes (each of which are linear in the amplitude of the ω 1 beam). We show the normalized amplitude K(E z )/K(0) and the phase shift δφ = tan −1 (αE z /Im(E P N C )) as a function of E z in Fig. 1 . Measurements of the modulation amplitude as a function of field E z can therefore be used to determine the ratio |Im(E P N C )/α|. At E z = 0, the observed modulation is due solely to the interference between two-photon absorption and the PNC-induced amplitude, since the Stark-induced transition is absent in this case. As E z is increased, the amplitude of the modulation increases due to the growing contribution of the Starkinduced transition. The Stark-and the PNC-induced moments add in quadrature in Eq. (9) since these amplitudes differ in phase by π/2, as shown in Eq. (7). The scale of the variation in E z necessary to carry out these measurements is determined by |Im(E P N C )/α|. Using Wieman's results for E P N C /β [18] on the 6s → 7s transition, and for α/β [27], we estimate |Im(E P N C )/α| to be ∼ 0.158 mV/cm. A precise measurement as described above will therefore require controlled application of E z at this level, and cancelation of stray fields to a level significantly lower. This can be achieved using precision voltage sources (which can control biases of field plates to the sub-µV level). It is not necessary to calibrate the other factors that appear in Eq. (9), i.e. A 2P A or ε ω1 z , in that one only needs to determine the relative variation in K(E z ) vs. E z . The sign of Im(E) P N C /α can be determined from observations of δφ vs. E z .
Stray fields B x , B y , E x , E y , and ε ω1 x can affect the amplitude of the modulation signal, and these must be minimized in order to make reliable measurements. We examine the individual terms of Eq. (6) in order to estimate their magnitude and suggest means for their reduction. We first consider those terms that contribute to the imaginary part of this signal, i.e. those that will add to the Im(E P N C ) ε ω1 z C F,m F,m term directly. We expect that the dominant term of this type that must be addressed is a magnetic dipole contribution,
F,m , where ε ω1 ′′ is the amplitude of the imaginary component of the harmonic field, ε ω1 = ε ω1 ′ + iε ω1 ′′ . We note that the Boulder experiments were also affected by a magnetic dipole contribution, which they countered by employing counter-propagating laser beams [18] . In their experiment, the ε ω1 ′′ x field component was essential to their measurement, while in the scheme addressed here, it is not. To reduce this component to the level of the PNC contribution requires ε ω1 ′′ x ∼ 0.5 × 10 −4 ε ω1 z . Reduction to lower levels than this is, of course, highly desirable. While this will clearly be an experimental challenge, recent progress using high-Q traveling-wave optical cavities to produce linearly-polarized light of high purity has been reported [28] . The degree to which this magnetic dipole term is reduced can be determined experimentally by reversing the direction of B and repeating the measurement of K(E z ). The spatially-varying ac Stark shifts present in the Boulder measurements will not be a factor in the present scheme.
Stray fields can also contribute to the apparent PNC signal through Stark-induced terms such as βE y ε level by reducing E y to ∼ 1 mV/cm and the polarization purity to ε ω1 ′ x /ε ω1 z < 10 −3 . There are, of course, no detectors available to measure field strengths at these low levels; for this the methods described by Wood [29] for nulling stray fields in their measurements should be applicable to the present measurements as well. For example, referring to Eq. (6), increasing B x to elevate the iβE y ε ω1 z (B x /B z )e iφ ω 1 ∆C (2) term, allows one to null E y , at which point signal modulation as a function of ∆φ is minimized. Other stray field components can be nulled in a similar manner.
To this point, we have discussed stray field contribu-tions that are in-phase with the PNC term in Eq. (6) . There are also terms that contribute signal in phase with the α E z ε ω1 z term. For two reasons, these appear to be of secondary importance, as long as they are constant in time and spatially homogeneous. First, one can always apply a dc field E z large enough that α E z ε ω1 z is larger than all others by many orders. Secondly, if some of these terms survive, their effect is to shift the apparent zero point of the applied field E z . Thus these in-phase contributions can be made negligible by measuring K(E z ) over a sufficiently broad range of applied fields.
We conclude that two-pathway coherent control techniques can present a new means for determination of weak interaction amplitudes. While we focussed our attention on measurement of Im(E P N C ), the coherent control technique can also be used to measure the amplitude of the M1 transition moment using a different field geometry. The primary advantage of the present technique is that the phase of the cross term interference signal can be varied by varying the optical phase difference between the laser beams. While reversing the direction of dc electric fields, dc magnetic fields, or field polarizations can be used as a means of measuring and reducing stray field effects, phase variation for the primary measurements can be implemented through continuous, external, optical means such as a simple delay cell filled with a non-absorbing variable-pressure gas (argon or nitrogen, for example). A delay cell is attractive in its simplicity and relative immunity from variations in polarization, amplitude, or beam alignment. The measurement determines the magnitude and sign of Im(E P N C ) relative to α, whose calculated value is more reliable than that of β. Precise calibration of the two-photon amplitude is not required, since we are only interested in the relative variation in the modulation amplitude vs. E z . Our proposed measurements employ exclusively linear polarizations, a further simplification. Finally, this technique can allow reduction of magnetic dipole contributions without introducing standing-wave optical fields. Experimental efforts leading toward these measurements are currently underway in our laboratory.
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